ABSTRACT Mitochondrial and nuclear DNA are packaged by proteins in a very different manner. Although protein-DNA complexes called ''nucleoids'' have been identified as the genetic units of mitochondrial inheritance in yeast and man, little is known about their physical structure. The yeast mitochondrial protein Abf2p was shown to be sufficient to compact linear dsDNA, without the benefit of supercoiling, using optical and atomic force microscopy single molecule techniques. The packaging of DNA by Abf2p was observed to be very weak as evidenced by a fast Abf2p off-rate (k off ¼ 0.014 6 0.001 s ÿ1 ) and the extremely small forces (\0.6 pN) stabilizing the condensed protein-DNA complex. Atomic force microscopy images of individual complexes showed the 190-nm structures are loosely packaged relative to nuclear chromatin. This organization may leave mtDNA accessible for transcription and replication, while making it more vulnerable to damage.
INTRODUCTION
Mitochondrial (mt) DNA is packaged into discrete units known as ''nucleoids'' in both yeast and man, and these structures have been shown to be the genetic units of mitochondrial inheritance (Garrido et al., 2003; Jacobs et al., 2000; MacAlpine et al., 2000) . However, little is known about nucleoid formation or composition (MacAlpine et al., 2000) . The density with which mtDNA is packaged affects both its maintenance and its accessibility during regulatory processes such as replication and transcription. Indeed, mtDNA is thought to be more susceptible to free radical induced damage than nuclear DNA (O'Rourke et al., 2002; Richter et al., 1988) in part because of a lack of protective histone packaging, and this type of damage has been proposed to lead to late-onset neurodegenerative disorders (Menzies et al., 2002; O'Rourke et al., 2002) .
Abf2p is a mitochondrial (mt) protein that has been hypothesized to play a major role in packaging mtDNA into nucleoids (Caron et al., 1979; MacAlpine et al., 2000; Megraw and Chae, 1993; Newman et al., 1996) in the yeast Saccharomyces cerevisiae. Abf2p also contributes to mtDNA maintenance (Contamine and Picard, 2000) , copy number (Cho et al., 2001; Zelenaya-Troitskaya et al., 1998) , transcription Stillman, 1991, 1992) , and recombination (MacAlpine et al., 1998) . It is closely related in sequence and function to the vertebrate nuclear high-mobility group (HMG) protein HMG1 (Diffley and Stillman, 1992) and is a homolog of human mitochondrial transcription factor h-mtTFA (Fisher et al., 1992; Parisi et al., 1993) , a protein implicated in human mitochondrial disease (Wallace, 2002; Wredenberg et al., 2002) . Recently, h-mtTFA was identified as the protein responsible for human mtDNA packaging (Alam et al., 2003) . Both HMG1 and h-mtTFA bend DNA and introduce supercoils into circular DNA molecules.
We used two different experimental techniques to demonstrate and provide complementary information about the compaction of DNA by Abf2p. Optical trapping of single DNA molecules extended by flow and visualized by fluorescence microscopy has been used to obtain information about the kinetics of binding and force with which the Abf2p-DNA complex is packaged. Atomic force microscopy (AFM) confirmed that DNA is bent by Abf2p, and provided a high resolution view and the dimensions of the compact Abf2p-DNA complex.
MATERIALS AND METHODS

Purification of Abf2p
The Saccharomyces cerevisiae ABF2 gene in a pMalc2X fusion vector (Kao et al., 1993 ) (New England BioLabs, kindly provided by the Nunnari Lab, University of California Davis) was cloned into pET28b(1) (Novagen, Madison, WI). Inverse polymerase chain reaction was used to fuse an initiator methionine and six histidine codons to the ABF2 reading frame encoding mature Abf2p, residues 21 to 177 with his tag, M r ¼ 19,484 Daltons. Protein was purified from BL21(DE3)(pET28b-His 6 ABF2) cultures (5-10 mg/L culture), essentially as described for Cre recombinase (Martin et al., 2002) except 500 mM NaCl was used in the initial lysis buffer, and the solution was dialyzed to low salt buffer before ion exchange chromatography. Concentrated and filtered samples, 20-70 mg/mL (Millipore Centricon-10) (Billerica, MA) in 20 mM Na-HEPES pH 7.5, 1 mM Na-EDTA, 4 mM DTT, 0.1 w/v Na-azide, were diluted with 10 mM Tris-Cl pH 7.8, 4 mM DTT, 1 mM Na-EDTA. Abf2p concentrations were determined using an extinction coefficient at 280 nm of 1.29 mg ÿ1 mL, or 24,180 M ÿ1 .
DNA binding activity was established with a gel-retardation assay (Cho et al., 2001 ) using either supercoiled pLitmus-38(1) or linear lambda-phage DNA (New England BioLabs, Beverly, MA) as a substrate.
optical trap and extended by flowing buffer in a two-channel flow cell ( Fig. 1 , a and b) as previously described (Brewer et al., 1999) . The buffer used in these experiments, 100 mM NaHCO 3 (pH 8), contained no sucrose.
Measurement of buffer flow velocity
Flow cell buffer velocities were determined by releasing the bead from the optical trap at the conclusion of each compaction/decompaction measurement and determining the distance the bead moved in a given time.
Measurement of maximal tether force
A value for the tether force (Stigter and Bustamante, 1998; Zimm, 1998) of the compacted DNA-Abf2p complex was determined by first reducing the trapping laser power so that the maximal force, sometimes called the escape force, the optical trap could exert on a 1-mm-diameter bead was 1.4 pN. A maximal value for the ''tether force'' (the force with which Abf2p-compacted DNA pulls on its attached bead due to hydrodynamic friction) was determined by subtracting the Stokes force on the bead attached to the compacted DNA molecule from the calibrated trap force, as long as the DNA molecule plus bead could be held by the trap while it compacted. The trap force was determined by moving the microscope stage holding a sample cell containing buffer and 1-mm-diameter beads at successively faster velocities until a trapped bead was released from the optical trap. The Stokes force, 6ph 9rv, was then used to calculate the force on the bead at the point of release, where h 9 is the buffer viscosity, r is the bead diameter, and v is the stage velocity. The bead was held at a position 10-15 mm beneath the surface of the coverslip, so that no corrections had to be made for the surface.
The sample cell consisted of a microscope slide, a drop of buffer containing beads, and a coverslip supported by two 50 mm thick plastic shims. The four sides of the coverslip were attached to the slide by nail polish.
Data analysis
The rate equation describing the binding of Abf2p to DNA for a first order process can be written as follows: 
Using Eqs. 1 and 2 we can solve for the rates and find for the compaction process that
and similarly for the decompaction process
The length versus time plots (Fig. 2) for the compaction and decompaction processes for an individual DNA molecule of length L were then fit to the following equations: L 2 is the length of the compacted Abf2p-DNA complex, which can be directly measured; L is the initial length of the DNA molecule, which is measured, so the fit is really only a one-parameter fit to k off , or k on [Abf2p] where [Abf2p] is known.
Effect of YOYO-1 dye on Abf2p binding
The extension of 16 lambda-phage DNA molecules stained with YOYO-1 dye in buffer without protein were measured at different flow velocities. Extensions were calculated from different DNA contour lengths (Stigter and Bustamante, 1998) to compare with the measured values. The contour length which best fit the data was 17.6 mm (mean error in extension fit was 4%) using a persistence length of 55 nm. The contour length of unstained lambda-phage DNA is 16.4 mm, and values of the length of stained DNA have been reported as high as 22 mm (Brewer et al., 1999; Perkins et al., 1995) . We infer that the amount of YOYO-1 dye bound to the DNA is much less than the saturating ratio of 1 YOYO-1 dye molecule per 4 bp and do not expect YOYO-1 to affect the binding of Abf2p protein to DNA.
AFM measurements
High resolution atomic force microscopy (AFM) was used to observe the interactions between Abf2p and linear dsDNA (pBR322 was linearized by digesting with BamH1. The DNA was then washed four times in a Centricon-100 concentrator in 10 mM Tris, 1 mM EDTA pH 8 to remove enzyme and twice in 100 mM NaHCO 3 to buffer exchange). The microscope, a Nanoscope IIIa (Digital Instruments, Woodbury, NY), was used in tapping mode with Si FESP probes (NanoWorld, Neuchâtel, Switzerland). Abf2p and DNA in buffer (100 mM NaHCO 3 pH 8) were mixed together for 5 min before depositing on a substrate. The substrate was prepared by applying 3 mL of 0.1% aqueous solution of poly-L-lysine (Sigma, St. Louis, MO) to a freshly cleaved mica surface for 1 min. The sample was then rinsed with distilled water and dried with nitrogen. The concentration of DNA in the mixed solution remained fixed at 1 mg/mL, and the Abf2p concentration varied from 1.5 mg/mL to 25 mg/mL. Data analysis was performed using IgorPro software (Lake Oswego, OR).
RESULTS AND DISCUSSION
Kinetics of Abf2p binding
The compaction and decompaction of single DNA molecules by Abf2p is shown in Fig. 1 c and Fig. 2 . Notable features of the compaction and decompaction plots (Fig. 2, a and c) are their exponential shape, which is indicative of a first order kinetic process, and the finite length of the compacted DNA molecule. The percent compaction varied between 50% and 89% and increased as the length of the DNA molecule ( Fig. 3 ) and flow velocity (data not shown) decreased. The binding of Abf2p to DNA was shown to be the ratelimiting step in the compaction of DNA. By moving the translation stage holding the flow cell in the same direction as the flowing buffer we were able to increase the effective velocity of buffer containing Abf2p and observe the length of a partially compacted DNA molecule (100% compaction was never achieved; see Fig. 3 ) increase significantly. Upon stopping the stage, the protein-DNA complex rapidly returned to its initial length in ;1 s, which was much faster than the timescale observed for compaction. This result FIGURE 3 DNA compaction versus initial extension for 67 molecules in 2 mM Abf2p, taken at buffer flow speeds between 50 and 110 mm/s. The compaction is defined as the difference between the initial (no protein) and final (in protein) DNA extensions divided by the initial DNA extension. For the range of DNA contour lengths and buffer flow velocities used in our experiment, the fractional extension of the DNA was fairly constant: 76 6 5% (Perkins et al., 1995; Stigter and Bustamante, 1998) . The incomplete compaction is thought to be due to the extension of the Abf2p-DNA complex by the flowing buffer. The longer the initial DNA contour length, the greater the hydrodynamic drag of the compacted Abf2p-DNA complex, and the less compaction is observed. The linear least squares fit is represented by a green line.
shows that the rate-limiting step in the compaction of the Abf2p-DNA complex is the rate of Abf2p binding to DNA. From this experiment we also deduced that at least part of the incomplete compaction of the Abf2p-DNA complex was due to the elongation of the protein-DNA complex by the flowing buffer. The data and fit (using Eq. 5 and Eq. 6) for the compaction and decompaction of a single DNA molecule by Abf2p are shown in Fig. 2, a and c. We measured the on-rate at three different Abf2p concentrations (Fig. 2 b) and the binding rate determined from the exponential fit, k on [b] varied linearly with concentration, as expected. The on-rate constant, k on ¼ 0.36 6 0.1 mM ÿ1 s ÿ1 , did not depend on either the initial DNA extension (at constant flow speed) or flow velocity. Decompaction measurements (10 molecules) allowed us to determine k off ¼ .014 6 0.001 s ÿ1 . The ratio of these rates, k on /k off , provided the binding constant K b ¼ 2.57 6 0.74 3 10 7 M ÿ1 .
Limit on binding from the McGhee-von Hippel theory
The maximal fractional coverage of DNA by Abf2p, which can be calculated from the equilibrium constant, K b , Abf2p footprint (;27 bp Stillman, 1991, 1992) , and Abf2p concentration (2 mM) using the McGhee-von Hippel theory (McGhee and von Hippel, 1974) equals 87%. The greatest observed compaction of DNA by Abf2p was 89% (Fig. 3) . Measurements obtained from AFM images (Fig. 4) of individual compact Abf2p-DNA complexes showed a reduction in length of DNA from 1.5 mm to 190 nm, a compaction of 87%. These results indicate that 13% of each DNA molecule was not bound with Abf2p.
Abf2p compaction force
The most direct approach to determine the strength with which Abf2p packages DNA is to pull on both ends of the compacted DNA molecule and measure the force versus extension curve (Baumann et al., 2000; Wang et al., 1997) . Another approach, which is suitable for measuring very small compaction forces, is to use flowing buffer to extend the compacted Abf2p-DNA complex (held by an optical trap) and measure its tether force (Stigter and Bustamante, 1998; Zimm, 1998) . The tether force is the hydrodynamic drag the flowing buffer exerts on the protein-DNA complex, and it provides an estimate of the forces needed to elongate DNA bound by Abf2p. Fig. 3 shows how the percent compaction DNA by Abf2p decreases as the length of the DNA molecule increases. This is what one would expect if the tether, or drag, force of the Abf2p-DNA complex is sufficient to overcome the forces that maintain the complex in a compacted state. Using this approach, we have measured the maximal tether force for 15 different DNA molecules bound with Abf2p. Initial DNA extensions ranged from 5 to 15 mm, and compactions range from 72% to 89%. We find that the mean tether force #0.60 6 0.12 pN. This suggests it takes very little force to elongate DNA compacted by Abf2p and the forces that stabilize the compacted protein-DNA complex are quite weak.
AFM images
AFM images of Abf2p-DNA complexes (Fig. 4 , a-f) show sharp bending of DNA by Abf2p. As the concentration of Abf2p increases, the DNA becomes increasingly compact, finally forming a round object with diameter 190 6 90 nm. The ratio of Abf2p molecules to DNA bp (Abf2p/bp) for the complexes imaged in Fig. 4 b is 0.04, allowing Abf2p to fill all available binding sites on the DNA molecule for a 27-bp footprint. However, complete DNA compaction was not observed until the Abf2p/bp ratio reached 0.45. This is consistent with our calculations of the equilibrium fractional (Fig. 4 b) , the fractional coverage equals 50% and some bending is seen, whereas when [Abf2p] ¼ 0.35 mM (Fig. 4 d) , the fraction coverage equals 90%, and almost complete compaction of the individual DNA molecules is observed. However, the McGhee-von Hippel theory limits the fractional coverage to 85% for [Abf2p] ¼ 1 mM, and this may explain why the degree of compaction in images Fig. 4 , e and f look similar.
We have shown that Abf2p obeys first order binding kinetics to linear DNA. The measured on-rate constant, (k on ¼ 0.36 6 0.1 mM ÿ1 s ÿ1 ), together with an estimated concentration of Abf2p in the mitochondria, can be used to determine the compaction time for the mitochondrial genome. For a mitochondria with ellipsoidal dimensions of 0.5 mm (radius) by 1.0 mm, and 50 genome equivalents of mtDNA (MacAlpine et al., 2000) , the concentration of Abf2p is 540 mM (assuming complete coverage of the DNA by Abf2p). This concentration multiplied by the measured on-rate constant gives an exponential time constant of 194 s ÿ1 . Clearly, mtDNA will be rapidly packaged by Abf2p. The off-rate of Abf2p from DNA was measured to be k off ¼ 0.014 6 0.001 s ÿ1 . This implies that in the absence of free Abf2p, the time needed for all the bound protein to dissociate from mtDNA would be several minutes. Therefore, Abf2p is not strongly bound to DNA compared to the histones (Brower-Toland et al., 2002 ) that organize nuclear DNA or protamine (Brewer et al., 1999) , which packages DNA in the sperm cell. This implies that a significant concentration of free Abf2p must be maintained in the mitochondria to keep the mtDNA in a compact state, which is consistent with the calculation above of the Abf2p concentration in the mitochondria.
The tether force measured for DNA molecules compacted by Abf2p was extremely small, # 0.60 6 0.12 pN, showing that the forces holding the Abf2p-DNA complex together are weak. AFM measurements of the spatial extent of single DNA molecules bound with Abf2p showed that the DNA is loosely packaged. Both the high off-rate of the Abf2p protein and the limited compaction of the complex should aid in allowing enzymes and proteins access to regulatory sites where Diffley and Stillman have showed that ''phased'' binding of Abf2p occurs Stillman, 1991, 1992) . At the same time, this would leave the mtDNA more vulnerable to damage by shear forces, free radicals (Menzies et al., 2002) , and nucleases. It is also important to note that the mitochondrial genome in S. cerevisiae is circular, rather than linear, and the binding of Abf2p to circular DNA has been shown to form negative supercoils (Diffley and Stillman, 1992) which may impact the compaction of mtDNA through the formation of plectonemes (Strick et al., 2000) . Further studies comparing the compaction of DNA by Abf2p and its homolog, h-mtTFA, using both linear and circular DNA, should provide insight into how mtDNA packaging impacts human mitochondrial genome-related diseases.
